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SANDQVIST 187: A DENSE MOLECULAR CLOUD IN NORMA
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ABSTRACT

We present and discuss observations of Sandqvist 187, an elongated dust cloud in the southern constella-
tion Norma. The cloud contains two Herbig-Haro objects, HH 56 and HH 57. HH 57 currently displays on
its NE edge a 17th mag variable star of the FU Ori type. Using the Columbia University 1.2 m millimeter-
wave telescope at Cerro Tololo, we have mapped the region and found an extended CO cloud which envelops
and is elongated along the optical dust cloud. The position of maximum CO emission coincides with HH 56
and HH 57. Assuming a distance of 0.7 kpc, the total mass of the cloud is found to be close to 500 M. The
CO spectra show evidence of a molecular flow. Photographs and CCD images obtained mostly with the
CTIO 4 m telescope show the detailed optical structure of the dark cloud’s core region. The Herbig-Haro
object HH 56 appears to be related to an emission-line star embedded in the small nebula Reipurth 13, not to

the FU Ori Star in HH 57.

Subject headings: interstellar: molecules — nebulae: individual — stars: formation —

stars: pre—main-sequence

I. INTRODUCTION

Dense molecular gas clouds mark the sites of star formation
within our own and other galaxies. The number and mass
spectrum of the stars produced in a particular cloud can vary
greatly. Large molecular clouds, where most stars originate,
produce both high- and low-mass stars, but small clouds may
produce only stars of low or intermediate mass. One example is
ESO 210-6A, also known as Sandqvist 111 (Sandqvist 1977).
This is a small cloud of 7-15 M, in which only a single star of
low mass has apparently been able to form (Graham and Elias
1983; Emerson et al. 1984).

In a search for southern HH objects, Schwartz (1977) located
two, HH 56 and HH 57, which appear to be connected with an
isolated dark cloud cataloged as 187 in Sandqvist’s survey. As
seen on a direct photograph (Fig. 1), the cloud has an elon-
gated appearance extending approximately 38 x 2. The HH
objects are located near the W extremity. During the last 2 yr,
HH 57 has become the focus of attention following the flare-up
of an FU Ori-type variable star on its NE edge. The star,
which is very bright in the infrared, is clearly related to the
HH 57 nebulosity. In the course of throwing off a high-velocity
gaseous shell, it is injecting energy into its surrounding
environment {Graham 1983; Cohen et al. 1984; Graham and
Frogel 1985; Reipurth 1985). A search for and study of associ-
ated molecular gas was clearly appropriate, and we are report-
ing here on the significant enhancement of CO radiation
observed in the area.

II. OBSERVATIONS

We observed the 115 GHz CO line with the 1.2 m
millimeter-wave telescope that Columbia University operates
at Cerro Tololo Inter-American Observatory. The antenna has
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a beamwidth of 88 (FWHM) at this frequency. The receiver
and spectrometer were those used for the ongoing Columbia
Southern Hemisphere galactic survey (Cohen 1983). The spec-
trometer was a 256 channel filterbank with a resolution of 1.3
km s~ Spectra were taken with a 7.5 separation on a grid
oriented along galactic coordinates and centered on HH 57
itself (R.A., 16"28™57%; decl., —44°49'17” (1950); 1, 338°55 and
b, +2°12). The grid points are shown as crosses in Figure 5.
The integration time at each point, typically 12 minutes, was
adjusted to give an rms noise of 0.1 K. The strong increase in
CO intensity as the beam moves across the cloud can be appre-
ciated from a series of measurements taken along the line of
constant galactic latitude through HH 57 (Fig. 2).

A separate pair of observations was made to get low noise
spectra at a point close to the maximum CO emission and in a
comparison field one beamwidth away. For these we inte-
grated a total of 340 minutes and 180 minutes, obtaining an
rms noise of 0.015 K and 0.019 K, respectively. The HH 57
spectrum and the average off-peak spectrum are shown super-
posed in Figure 3. At the position of HH 57, the CO line is
appreciably broadened. This we believe is due to gas flow near
the cloud core (§ V). To evaluate the effects of saturation at the
CO maximum, a measurement was made with the receiver
tuned to the 13CO line at 110.20 GHz. The profile is shown as
Figure 4, and the observation discussed in § IV.

At each gridpoint in Figure 5 we measured the peak velocity
(with respect to local standard of rest) and the antenna tem-
perature integrated over velocity from —11.7to +52km s~ !,
In Figure 5, the results are shown in contour map form super-
posed on a photograph of the field.

III. GENERAL CHARACTERISTICS AND MORPHOLOGY OF
THE CLOUD

Figure 5 shows that the molecular cloud in CO is elongated
and extends along the optical image of the dark nebula. To
within one-half beamwidth, the strongest CO radiation comes
from the region of HH 57; the second HH object, HH 56, is
only 50" NW of HH 57 and also falls inside a beam centered
on HH 57. The average velocity (LSR) of the CO peak is
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FiG. .—The Sandqvist 187 cloud. This photograph was taken by P. Boscolo on 1984 April 2 with the Curtis Schmidt telescope of the University of Michigan at CTIO. The emulsion

was I1]a-J, and a GG385 filter was used with exposure 60 minutes. HH 56 and HH 57 are marked.

AN AR

L. g o
Yoo s * " 4 g g‘%;\‘”‘w
5 T ¥ p et Ay it 3 i
*;‘k“%{\‘u B . ‘»"v*lﬁgi% 5 ',.«%
MR e o DR MR e R Y

- % R o

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1986ApJ...300..756A&amp;db_key=AST

J. = Z300; J75BAT

]

[198BA

T T T T T T T T T T T T T T T T
40 o 1 40 o b
L 33817 ] L 33824 ]
30 F 4 30} B
20 r 4 20+ 1
1.0 F 4 IO} 1
00 A /\ VM"\/A'\] AVA/\PJ\\ A 00 ProacA 2\ ¢ 'h/\\ \JJ\V V/\ Vi
L i 1 1 1 1 1 i L 1 i 1 1 1 1 L
-50 0] 50 -50 o] 50
T T T T T T T T T T T T T T T T
40} . 4 a0} . 1
L 338.43 E L 338.55 4
30+ 4 30+ 1
20 4 20 B
1.0k 4 10+ e
00 /\/\-\/\U - S A\ v ave 0.0 \/\/\v \I‘N\A \\v Al
1 It 1 1 I 1 1 1 1 i L i 1 1 1 1
-50 o] 50 -850 0 50
T T T T T T T T T T T T T T T T
40 _ 4 40 :
| 338’67 - L 338°74 4
30+ 4 30 4
L 4 L i
20+ 4 20} .
1.0 1 10 /\ b
0.0 bBonan. MY o H o0 AR Ay
i, 1 i L 1 1 1 1 1 1 1 H 1 1 1 )i
-50 o] 50 -50 o} 50

F1G. 2—Sample CO profiles toward the Norma cloud, along a line of constant galactic latitude b = 2°12 passing through HH 57. In each frame, antenna
temperature T, (K) (ordinate) is plotted against velocity (km s~ ') (abscissa). Note the sharp peak in the signal at the position of HH 57 (! = 338°55).
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F1G. 3.—CO profiles with long integration times. These were made with the beam at the HH 57 position | = 338255, b = 2204 (continuous curve) and at one
beamwidth distant (I = 338267, b = 1°99) (dashed curve). They show significant line broadening in the beam which includes the HH regions and the embedded stars.
F16. 4—Line emission by '3CO toward HH 57 with an integration time of 21 minutes.

758

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1986ApJ...300..756A&amp;db_key=AST

P

Q

=

2 g

s
o m
=t =
k) e
< >
2 wn
= &
. o b
. E S
e g =
e P . & o
¥ L e e = =2

- S e =4 v N %)
% P At AL R S 2
o i ’ = o)

2

=

=

=

£

=

.

&

-

&

\zw.w

gF-2etny

Fo
v
-

S

o

§q

- The crosses indicate the positions where observations were made. The upper

perposed on the Fig. 1 photo
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F16. 5—Map of CO line emission from the Norma cloud. The contours are su

coordinates. Contours are spaced every 2 units up to the maximum of 12 K km s

cross on the central contour coincides with the HH 57 position.
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—3.8+ 08 km s~ %, and there is no noticeable velocity gra-
dient along the cloud. Graham and Frogel (1985) estimate a
distance of 0.7 kpc, but this is uncertain to about 50%. In
addition to the dominant line peaking at —3.8 km s~ 1, some
spectra show weak lines (7, O0.5K near —40 and
—70 km s~ ). These features persist as the telescope is directed
away from the molecular cloud toward the galactic plane.
Almost certainly they correspond to more distant molecular
gas in the outer parts of the Galaxy.

Within the overall filamentary shape of the Sandqvist 187
cloud, images obtained with the CTIO 4 m telescope show
abundant fine structure which is beyond the resolution of the
CO telescope. Figure 6 shows a contrast-enhanced negative
image taken from a prime focus photograph in orange-red
light. This photograph registers stars much fainter than Figure
1 enabling us to penetrate the lighter areas of absorption. Note,
for example, how the filamentary nebula is divided about
halfway along its length by a lane where the absorption is
comparatively low. The densest obscuring dust concentrates
along a ridge which forms a central axis of the dark cloud. It
can be seen in Figure 5 that, even allowing for the difference in
angular resolution of the optical and radio data, the CO
extends far beyond this central ridge.

Figure 7 shows a still deeper penetration into the heart of the
nebula. This image is from a 20 minute CCD exposure, taken
with the 4 m prime focus CCD camera through a filter giving
an effective bandpass of 0.7-1.1 um. The bright stars in this
frame show saturation effects leading to image overflow into
the pixel rows on the left. Some fringing remains from incom-
plete removal of interference fringes in the chip caused by night
sky lines in the near-infrared. Comparing Figures 6 and 7, one
notices several very red stars shining through the dust. None
except the HH 57 star are bright in the far-infrared, so all are
probably background objects. The brightest of these may
prove useful for mapping polarization produced by anisotropic
scattering from the dust in the cloud.

The core of the dust cloud is shown most clearly by a
computer-enhanced plot (Fig. 8) which also serves as a key for
Figure 7. Figure 8 is made from the same CCD frame as Figure
7, but here only those pixels with an accumulated count less
than a threshold of 5880 counts are marked by a black dot.
The dots thus indicate the darkest part of the nebula. From an
examination of Figures 7 and 8, two features should be noted.

1. Dense knots of dust and presumably molecular gas are
located near the optical features HH 56, HH 57, and the small
luminous nebula Reipurth 13 (Reipurth 1981). However,
HH 56 appears to lie in or near a comparatively clear window
where a few background stars do shine through in the near
infrared.

2. The filamentary form of the cloud core is remarkably
similar to the outer contours of the cloud as seen on wide field
photographs (e.g., Fig. 1). This suggests that, in the course of
the formation of the core, the overall shape is preserved.
Figures 7 and 8 show cloud structure on scale of the order of
10” in the area around HH 56 and HH 57. At a distance of
700 pc, this corresponds to a linear dimension of 0.03 pc.

IV. EXCITATION TEMPERATURE, COLUMN DENSITY, AND
CLOUD MASS

The excitation temperature and H, column density were
obtained using the 12CO and '*CO data at the position of the
cloud core. For the calculation, we assume local thermodyna-
mic equilibrium and a large optical depth for the *2CO line (cf.

Spitzer 1978). From the observed antenna temperatures
T(*CO)=42+01L K
and
T{*C0)=134+01K
and the 13CO line width
AV(**C0O) =224+ 04K km s~ ! (FWHM),
we find
T.= 175K (excitation temperature) ,
7(}3CO) = 0.37 (*3CO optical depth},
N(*3CO) = 2.8 x 10*° cm ™2

and

(*:3CO column density} ,

N(H,) =14 x 10*' em~2 (H, column density) .

The derived molecular hydrogen column density assumes a
N('3CO) to N(H,) ratio of 2 x 10~ ¢ (Dickman 1978).

Finally, using observed major and minor extents of 33’ and
14’ for the cloud and assuming a distance of 0.7 kpc, we esti-
mate a total mass of 500 M. In this calculation we use a mean
molecular weight per H, molecule of 4.0 x 1072% g (which
assumes 1 He atom for every five H, molecules).

V. THE EVIDENCE FOR A MOLECULAR FLOW

Outflows of molecular gas frequently accompany regions of
star formation. They are often related to individual embedded
stars, and the flows are parallel to the motions of associated
HH objects. Strong stellar winds originating near the surfaces
of the stars probably provide the energy (Bally and Lada 1983;
Edwards and Snell 1983). Detection of flows is not easy with an
8'8 beam since the outflows often extend only over 1’ or 2
(Rodriguez et al. 1982). The antenna temperature of the high-
velocity gas is thus greatly reduced by beam dilution, and
careful observation is required to detect the flow, but there is
evidence for such a phenomenon in our data.

Figure 3 shows the CO spectrum at the position of HH 57
(I =338.5, b =2.12), and Table 1 gives the observed antenna
temperature in all channels with emission above 3 ¢ where ¢ is
the rms noise temperature. The profile has a full width of
2.9 km s ! at half-intensity, and a full width of 11.4 km s~ at
the 0.1 K level. A single Gaussian line having the same peak
antenna temperature and FWHM would have a full width of
about 7 km s~ ! at the 0.1 K level. At a position one beam-

TABLE 1
HH 57 PROFILE

Channel Central Velocity Antenna Temperature
(kms™) (K}

0.07 + 0.02
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F1G. 9—The spectrum of Reipurth 13 near Ha. This is taken from a scan made on 1984 June 7 with the CTIO 4 m telescope and Cassegrain spectrograph. Strong,
broad Ho line emission is superposed on a weak continuum. Flux is in relative units.

width from HH 57, the profile has approximately the same
antenna temperature and FWHM (3.88 K and 2.8 km s~ },
respectively). The line width at the 0.1 K level, though, changes
to 7.7 km s~ ', This suggests that the wing emission, which is
confined to one beamwidth, arises from a molecular outflow
related to the HH 57 object.

Further observation with a smaller beam is clearly desirable.
Here the situation may be complicated by a second embedded
stellar object in the area lying within or close to the small
nebula Reipurth 13. A spectrum taken with the CTIO 4 m
telescope (Fig. 9) shows that while Reipurth 13 shines mostly in
continuum light, it also has a broad Ha emission component
(~200 km s~ ' FWHM) near zero velocity (—9 km s~ ) which
persists after a careful subtraction of background sky radiation
from the surroundings. The equivalent width of this line is
12 A in continuum units. This spectrum suggests that a young
star with an active chromosphere is illuminating the nebula.
No infrared source has been identified here (Cohen et al. 1984),
but it would be worthwhile to push the search to higher sensi-
tivity levels. The Reipurth 13 object may be responsible for
HH 56 which is otherwise difficult to account for with the
proposed geometry for HH 57 and its star. HH 56 has a posi-
tive velocity of + 36 km s~! (Schwartz and Dopita 1980) and
is located in a relatively transparent area of the dark cloud
where several background stars can be seen (Fig. 7); it may
thus be on the far side of Reipurth 13 and receding from both
us and the embedded star. Such a geometry is also suggested
by the significant proper motion vector of HH 56 measured by

Schwartz, Jones, and Sirk (1984). This is directed away from
Reipurth 13 and could mark the presence of a second material
flow in the region approximately parallel to that powered by
the HH 57 star.

VI. CONCLUDING REMARKS

We have shown in this paper that a well-defined CO cloud
coincides with the dust cloud, Sandqvist 187, where star forma-
tion is currently taking place. The contours of the CO radi-
ation follow closely the optical cloud with the maximum CO
emission and the highest concentration of dust occurring at the
actual site of the young, recently created stars. In this cloud
core, optical structure as small as 0.03 pc is observed. Evidence
for molecular flows is seen. For the entire cloud, we estimate a
mass of 500 M.

Clearly the Sandqvist 187 cloud holds great promise for
narrow-beam observations in the millimeter-wave region when
the appropriate instrumentation becomes available in the
southern hemisphere. High-resolution infrared techniques as
well could be applied with profit to the strong source associ-
ated with the HH 57 star. We emphasize that, in this type of
study, there is an essential complementarity between the
optical, infrared, and millimeter-wave observations. When all
are brought together, it becomes possible to understand far
more about the nature of the molecular clouds and the star
forming process than can ever be achieved with any one tech-
nique on its own.
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